In recent years, global climate change has altered precipitation patterns, causing uneven spatial and temporal distribution of precipitation that gradually induces precipitation polarization phenomena. Taiwan is located in the subtropical climate zone, with distinct wet and dry seasons, which makes the polarization phenomenon more obvious; this has also led to a large difference between river flows during the wet and dry seasons, which is significantly influenced by precipitation, resulting in hydrological drought. Therefore, to effectively address the growing issue of water shortages, it is necessary to explore and assess the drought characteristics of river systems. In this study, the drought characteristics of northern Taiwan were studied using the streamflow drought index (SDI) and Markov chains. Analysis results showed that the year 2002 was a turning point for drought severity in both the Lanyang River and Yilan River basins; the severity of rain events in the Lanyang River basin increased after 2002, and the severity of drought events in the Yilan River basin exhibited a gradual upward trend. In the study of drought severity, analysis results from periods of three months (November to January) and six months (November to April) have shown significant drought characteristics. In addition, analysis of drought occurrence probabilities using the method of Markov chains has shown that the occurrence probabilities of drought events are higher in the Lanyang River basin than in the Yilan River basin; particularly for extreme events, the occurrence probability of an extreme drought event is 20.6% during the dry season (November to April) in the Lanyang River basin, and 3.4% in the Yilan River basin. This study shows that for analysis of drought/wet occurrence probabilities, the results obtained for the drought frequency and occurrence
areas, aiming to explore these factors. Drought-monitoring methods for meteorological drought include the standardized precipitation index (SPI) [15] and reconnaissance drought index (RDI) [16] . In addition, methods for analyzing hydrological drought include the Palmer drought severity index (PDSI) [17] , surface water supply index (SWSI) [18] , streamflow drought index (SDI) [19] , and standardized hydrologic indicator (SHI) [20] . Methods for analyzing agricultural drought include the crop moisture index (CMI) [21] and agricultural reference index for drought (ARID) [22] .
Among the drought monitoring methods, Nalbantis (2008) proposed the method of SDI, which analyzes drought characteristics based on cumulative streamflow volumes. Advantages of this method include simplicity and high effectiveness. This method has been used to analyze the drought characteristics of many countries such as the United States [23] , India [24] , Iran [13, 25, 26] , Iraq [13] , and Greece [19, 27, 28] . In this study, the SDI method was employed to study the drought characteristics of Taiwan.
The average annual precipitation in Taiwan is about 2500 mm, which is about 2.6 times that of the world. Although the precipitation is heavy in the Taiwan area, the area has such a small territory with a large population, that the annual precipitation assigned per capita is only 1/7 of the world average [29] . Taiwan is ranked as the 18th most water-stressed among the 146 countries in the world being assessed by the environment sustainability index (ESI) [30] . In addition, the spatial and temporal distribution of rainy seasons is extreme in Taiwan, with rainfall mainly concentrated from May to October. A large amount of rainfall flows into the oceans by riverflow down the steep mountain slopes in Taiwan, making effective accumulation of water resources impossible. In recent years, because of climate change and increased temperatures, there has been increased precipitation during the wet season in Taiwan, while precipitation has decreased during the dry season, resulting in more extreme wet and dry seasons [31] . Because of this, the difference in streamflow volumes between wet and dry seasons has become larger, leading to drought occurrences.
Since northern Taiwan is densely populated, it has a high demand for water. However, in recent years there have been abrupt climate anomalies caused by climate changes, resulting in considerable lack of water during winter and spring, which used to be the rainy seasons [32] . Therefore, in order to lower the impact of climate change on water usage, effective study and management of the hydrological information in the northern region is necessary. Yeh et al. [33] used the Mann-Kendall test, Theil-Sen estimator, Mann-Whitney-Pettit test and the cumulative deviation test to investigate the streamflow trend characteristics in northern Taiwan. The Mann-Kendall test was used to analyze the streamflow trend [34] [35] [36] [37] [38] [39] , and the Theil-Sen estimator was used to calculate the trend slopes to obtain the extent of trend changes [40] [41] [42] [43] [44] .The Mann-Whitney-Pettit test and the cumulative deviation test, two tests commonly used in hydrology analyses, are used to find the change points [43, [45] [46] [47] . Yeh et al. [33] found from long-term streamflow data that the average annual streamflow in the Lanyang River basin had a significant downward trend. Therefore, in this study, SDI was used to study the long-term distribution of drought events in northern Taiwan. In addition, the drought occurrence probabilities were calculated using the Markov chain method.
Study Methods

Streamflow Drought Index (SDI)
The SDI method was proposed by Nalbantis [19] , and is used to assess drought severity. Cumulative streamflow volumes from different time periods are used to study the distribution and variation of drought severity at different time durations, from which the drought severity of the study area, frequency of drought occurrence, and occurrence of cycles are obtained. In this method, it is first assumed that the time series of monthly streamflow volumes (Qij) are successive, which are then accumulated according to the time duration k. The cumulative streamflow volume for the i-th hydrological year for a duration k is obtained:
where i refers to the hydrological year, j refers to the month of that year, k refers to the time duration of the period, and Vi,k is the cumulative streamflow volume for the i-th hydrological year with a period duration of k. Next, the SDI for the i-th hydrological year with period duration k is defined using the cumulative streamflow volumes Vi,k as follows:
where V k and sk are the long-term mean and standard deviation of cumulative streamflow volumes, respectively. When assessing an SDI value, the data for analysis must follow a normal or log-normal distribution. However, in small basins, streamflows might follow a skewed probability distribution, whose distribution pattern is similar to that of the Gamma distribution. Therefore, when using SDI to analyze streamflow data, the first step is to transform the statistical distribution. In this study, the two-parameter log-normal distribution was used for transformation, and natural logarithms of the streamflow data were taken. The SDI index was redefined as [19] :
where yj,k are the natural logarithms of cumulative streamflow with mean y k and standard deviation sy,k.
The calculated SDI values for each year are categorized based on the range for which different drought severities are defined. In this study, the major reference source was the range for different drought severities proposed by Al-Faraj et al. [13] , based on which divisions of different dry and wet event severities were made (Table 1) . 
Markov Chains Evaluation Method
Markov chains [48] are commonly used to assess drought occurrence probability, and to evaluate and predict the time of occurrence of a drought event [49] [50] [51] [52] . In this study, this method was used to examine changes in drought severity at different time scales, and to predict the occurrence probability for each degree of severity.
First, the SDI value for each year was calculated according to Equation (3), and the event severity m of each year was obtained according to the criteria for severity ranges listed in Table 1 . The result obtained can define the frequency of occurrence Fm,k of severity m with a duration of k:
where nm,k is the number of occurrences of an event of severity m with time duration k within the sample N years. Next, the occurrence probability pm,k of severity m over duration k was defined as:
where P(.) refers to the occurrence probability of an event of severity m when the time duration is k, and Xi,k refers to the event of severity m when the period duration is k. For each k, the probabilities pm,k for severities (m = 3, 2, 1, 0, −1, −2, −3) form a 7 × 1 matrix. The equation above assesses the frequency and probability of occurrence within the same year. On the other hand, event severity changes with different durations of time. Therefore, we will next discuss the frequency and probability of transition for event severities when the time duration for analysis changes. When the time duration k transitions to k + 1, the frequency of severity transition Fm,m',k for the respective severity m' to m is:
where nm,m',k is the number of occurrences of severity m transitioning to m' when the period duration k transitions to k + 1. The transition probability pm,m',k for severity m to m' when the duration k transitions to k + 1 is then defined as:
where P(.|.) refers to the probability for the transition of event severity m to m' when the duration k transitions to k + 1. For each k, the transition probability Pk forms a 7 × 7 matrix.
As can be seen from the descriptions above, the Markov chain method can be used to conduct the following evaluations: (1) to evaluate the frequency and probability of drought occurrence with different durations based on available historical data; (2) to observe the frequency and probability of event severity transition at different durations; and (3) to estimate the long-term occurrence probability of different events using short-term data. In this study, the method of Markov chains was used to evaluate the occurrence probability of drought/rain events at different analysis times in the study area.
Study Area
In this study, the northern water resource regions listed by the Water Resources Agency of the Ministry of Economic Affairs were selected as the study area. These regions include the following administrative areas: Yilan County, Keelung City, New Taipei City, Taipei City, Taoyuan County, and Hsinchu County. The regions contain five terrain types, namely, plains, hills, highlands, basins, and mountains. Regions featuring plains primarily comprise the Taoyuan alluvial fan, the Hsinchu Plains, and the Eastern Yilan delta; regions containing hills consist of the Keelung Hills and the Zhudong Hills; regions with highlands include the Linkou plateau; regions with basins include the Taipei basin; and regions featuring mountains primarily comprise the northernmost Tatun Mountains and the Central Backbone Range. These regions embody a variety of terrain characteristics; terrains ranging from those less than 100 m in elevation (plains), to less than 500 m in elevation (hills), and to more than 1000 m in elevation (mountains).
Rainfall in the northern regions of Taiwan during the summer and winter seasons primarily comes from typhoons and northeast monsoons, respectively. The northern Taiwan regions receive rainfall all year long. For example, the Yilan region can have up to 350 days of rainfall. The average annual rainfall in the northern regions of Taiwan is 2937 mm, which is higher than that in central, southern, and eastern Taiwan.
The main rivers in the northern Taiwan regions are the Tamsui River, the Lanyang River, the Fengshan River, and the Touqian River, which have drainage basin areas of 2726, 978, 250, and 566 km during the dry (November to April) and wet (May to October) seasons, respectively [53] . Figure 1 shows the distributions of streamflow volumes and precipitation in the northern region. It is shown that the distributions of streamflow and precipitation have similar trends in each month; in months with greater precipitation, there is also an increase in streamflow volume. Yeh et al. [33] used the Mann-Kendall test to analyze the streamflow data recorded over 30 years from 12 gauge stations in the northern region, which are not affected by artificial water conservancy facilities, in order to explore the streamflow trend characteristics in the northern region. Table 2 and Figure 2 respectively show the details and spatial distribution of these stations. The results showed that only the Ximen bridge station in the Lanyang River basin exhibits a significant downward streamflow trend, with a test value of −3.51. Figure 3 shows the trend of spatial distribution for each gauge station. They used the Theil-Sen estimator method, and the results showed that the amounts of change in the Tamsui River and Fengshan River basins were lesser than those of the Lanyang River and Touqian River basins, with both less than 17.0%. Among the three gauge stations in the Lanyang River basin, the changes at the Niu-Tou and Ximen bridge stations were significantly greater than that of the Chia-Yuang bridge station; the Niu-Tou station exhibited an increase of 30.3%, and the Ximen bridge station exhibited a decrease of 85.7%. Within the Touqian River basin, the Nei-Wan station exhibited an upward increase of 19.9%, and the Shang-Ping station showed an upward increase of 28.6% (Table 3) . Table 4 shows the results of the change point test: among the 12 gauge stations within the study area, the change point was detected only at the Ximen bridge station. The change point of the Ximen bridge station occurred in 2001, and the average annual streamflow volumes before and after the change point were 11.8 CMS (cubic meter per second) and 6.6 CMS, respectively; the average annual streamflow volume exhibited a downward trend after 2001, and the magnitude of decrease reached 44.1%, as shown in Figure 4 . According to the data of Hydrological Year Book of Taiwan [53] In this study, the Lanyang River basin, which has demonstrated a significant trend, was selected for analysis of drought characteristics. The Niu-Tou station along the Lanyang River mainstream and the Ximen bridge station downstream of the tributary Yilan River were selected as the gauge stations for the study of drought/wet events. The data for Lanyang River and Yilan River sub-basin are shown in Figure 5 . 
Results and Discussion
SDI Analysis Results
Figures 6 and 7 show the SDI analysis results for periods of three months (November to January) and six months (November to April), respectively, in the Lanyang and Yilan Rivers. In addition to the analysis of drought event severities in the dry seasons (November to January and November to April), the SDI analysis results for the wet and dry seasons were addressed in this study. Figures 8 and 9 show the SDI analysis results in the Lanyang River and the Yilan River basins for periods of nine months (November to July) and twelve months (November to October), respectively. In this study, November was set as the onset month for analysis, dividing the wet season (May to October) from the dry season (November to October) in northern Taiwan [53] . Analysis results obtained in this study show that the analysis periods of three months (November to January) and six months (November to April) are within the dry season, and therefore, analysis results exhibit significant drought characteristics. The analysis results revealed that 2002 was the turning point for both the Lanyang River and Yilan River. Previous meteorological data show that with below-normal precipitation in the northern region in 2002, the streamflow volume decreased accordingly, and there was little effective precipitation in the rainy season in April, May, and June for the rivers, resulting in the occurrence of droughts in the northern region in 2002 [54] . 
Evaluation of Severity Transition and Frequency of Drought Occurrence Using Markov Chains
In this study, the method of Markov chains was used to evaluate the changes in drought severity over different time durations. Tables 5 and 6 show the changes in drought severity in the Yilan River and Lanyang River basins, respectively, and values in the tables denote the frequency of severity transition from one time duration to another. As shown in Tables 5 and 6 , and Figures 6-9 , the severity of drought events decreased gradually with increasing analysis time. When the analysis period was 12 months (November to October), only moderate drought events were detected in the Yilan River basin. Results of wet event severities show that the severity of wet events in the Lanyang River and Yilan River basins increases with expanding time durations, with the severity being greater than moderate. Based on the results described above, as the duration of the analysis periods increases, the severity of drought events decreases; when the duration of a period reached 12 months, no severe drought event was detected. On the other hand, wet events were found in all the periods tested, while the severity also decreased with increasing time durations. Therefore, periods of three or six months are suitable for the study of drought event severity.
The occurrence probability for each severity at different time durations can be obtained by substituting the severity transition frequency at different time durations (as described above) into Equation (9) . Table 7 shows the occurrence probability of each event severity for different time durations. In terms of drought severity, the occurrence probability of drought events is low in the Yilan River basin; probabilities in all four time periods were less than 10%. In addition, as the analysis time increases, the occurrence probability and severity of drought events also decrease. When the analysis time reached 12 months (November to October), only moderate drought events were found with an occurrence probability of 3.4%. The occurrence probability of drought events in the Lanyang River basin is higher than in the Yilan River basin, and the shorter the analysis time, the higher the chance of a drought event occurring there; particularly for periods of three months (November to January) and six months (November to April), the occurrence probabilities of an extreme drought event were 44.1% and 20.6%, respectively. As the analysis time increases, the probability decreases. Table 6 . Transition frequency of drought/rain event severities at different time periods in Lanyang River basin. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 −2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 −3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Table 7 . Prediction of occurrence probability for dry and rain events in Lanyang River and Yilan River basins. The probability results for wet events show that there is a low occurrence probability for extreme wet events in the Yilan River basin, which fell within the range of 10%-20%. The occurrence probability of a severe wet event was around 20.0%-30.0%, except for the period of nine months (November to October), in which the occurrence probability was 13.8%. There was a large variation in the occurrence probability of moderate wet events, but it was shown that as the analysis time increased, the probability increased; for the analysis period of 12 months (November to October), the occurrence probability of a moderate wet event was 34.5%. The probability results of wet events in the Lanyang River basin showed that the occurrence probability of extreme wet events was higher than in the Yilan River basin, and except for the analysis periods of six months (November to April), during which the occurrence probability was 17.6%, the occurrence probabilities for extreme wet events in other periods fell within the range of 20.0%-25.0%. The occurrence probabilities for severe and moderate wet events increased with analysis time, and respectively reached 26.5% and 35.3% when the analysis time was 12 months (November to October).
State for
Analysis results for the drought occurrence described above show that the occurrence probability of drought events is higher in the Lanyang River basin than in the Yilan River basin; particularly for extreme drought events, the occurrence probabilities of an extreme drought event during the dry season (November to January and November to April) in the Lanyang River basin were 44.1% and 20.6%, respectively. Analysis results for the wet occurrence for a period of 12 months (November to October) showed that the occurrence probabilities of wet events were higher in the Lanyang River basin than in the Yilan River basin; particularly for extreme wet events, the occurrence probability was 20.6% in the Lanyang River basin, and 13.8% in the Yilan River basin. In studies of occurrence probabilities of drought and wet events, the method of Markov chains can be used to obtain the transition frequency of event severity at different time durations. In addition, calculations of occurrence probability using Equation (9) can predict the occurrence probability of the next event using short-term data. In addition, one can predict the short-term occurrence probability of a drought/rain event.
Conclusions
In this study, the SDI method was used to analyze the severities of drought and wet events in the Yilan River and the Lanyang River basins in northern Taiwan. In addition, the method of Markov chains was used to analyze the transition frequency of SDI values at different time durations, which enables the prediction of occurrence probability of an event severity. Several conclusions were reached as follows:
(1) The year 2002 was the turning point for the severities of drought and wet events in the Lanyang River and Yilan River basins. Based on previous meteorological data, the precipitation is below normal in the northern region in 2002, resulting in decreased streamflow volumes. In addition, the rainy season in April and May did not produce sufficient precipitation for the rivers, leading to the drought event in 2002 in the northern region. (2) In the analysis of drought event severities, significant drought distributions can be found for periods of three months (November to January) and six months (November to April). In the SDI analysis in this study, November was set as the onset month for the analysis time, dividing the wet season (May to October) from the dry season (November to October) in northern Taiwan. Therefore, the SDI analysis results in this work show that significant drought characteristics can be found in analysis periods of three months (November to January) and six months (November to April). (3) Analysis results for the occurrence probability of drought and wet events showed that the occurrence probability of a drought event is higher in the Lanyang River basin than in the Yilan River basin. Particularly for extreme events, the occurrence probability of an extreme event during the dry season (November to April) was 20.6% and 3.4% in the Lanyang River and Yilan River basins, respectively. Analysis results for the occurrence probability of wet events for an analysis period of 12 months (November to October) show that the occurrence probability of a wet event was higher in the Lanyang River than in the Yilan River basin. Particularly for extreme wet events, the occurrence probability of an extreme wet event was 20.6% and 13.8% in the Lanyang River and Yilan River basins, respectively. Results obtained in this study show that in the study of the occurrence probability of drought and wet events, the Markov chain method can be used to predict the long-term occurrence probability and severity of drought and wet events using the short-term data of occurrence frequency and probability of the events.
